This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms A new, physics-based model is presented for flows around vortex generators. The model uses a modified lifting-line method with added physics to account for boundary layer flow. The lifting-line method is extended to also include a vortex lift component and these two components are used to calculate the strength of a vortex shed from an isolated vortex generator. The circulation model is developed further to be used within a CFD framework in a source term approach. Validation is presented, first for the circulation model against a suite of experimental tests for isolated vortex generators where the vortex strength is measured. Excellent agreement is shown that is of the order of the experimental error; 5%. Second, the source term model is validated on a flat plate mounted vortex generator problem, and compared to fully-gridded simulations and the commonly used Bender-Anderson-Yagel model. Again, the new method shows excellent agreement, matching well the circulation decay and velocities downstream of the VG.
I. Introduction
During the latter design phases of aircraft it is common for unwanted flow phenomena to arise that were not predicted in the original design, and hence it can be common to add flow control devices to aircraft to alter the flowfield in specific regions. Occasionally, complex active systems have been implemented to control boundary layer growth, including boundary layer suction, blowing, and bleeding, but by far the most common methods are passive schemes, with vortex generators (VGs) the most conventional approach.
1, 2, 3, 4 These generally involve simple small plates mounted normal to the surface, usually rectangular in shape, inclined to the freestream flow. An example is the use of VGs on the Bell XV-15. 5 The majority of VGs protrude into the external flow, i.e. above the boundary layer, but there have also been immersed, or sub-layer, VGs adopted. 6 VGs are predominantly used to mitigate against separated flows (although can also be used to delay transition 7 ) , and are placed a distance upstream of where the separation occurs to suitably re-energise the boundary layer to avoid the separation. Vortical flow is introduced via the flow separation from its sharp upper edge, and the vortex which subsequently propagates downstream entrains higher energy, higher momentum flow from outside the boundary layer into the lower energy boundary layer. This re-energises the boundary layer, suppressing separation.
It is necessary to understand the physics that the VGs are introducing into the flow to be able to design them to mitigate against unwanted flow phenomena (e.g. separation). In recent years, computational fluid dynamics (CFD) has become a standard tool for aircraft design, however, modelling of VGs by conventional CFD approaches poses difficult issues in capturing the vortex and its convection downstream. This often requires fine numerical meshes on geometries where the size of the flow control device is orders of magnitude smaller than the global object. Furthermore, a sufficiently high fidelity numerical scheme must be selected, usually requiring RANS solutions with turbulence models, leading to difficult numerical challenges.
Modelling issues, along with the notion that often VGs are added as an after-design modification, mean that using CFD to predict VG flow can cause bottlenecks late in the development process. To alleviate some of these issues, while still maintaining the physical fidelity required to accurately model the flow around VGs, a source term approach within a CFD framework can be adopted. This involves a forcing term added to specific cells within the numerical domain to mimic the effect of a VG being present, though without the need to model the VG itself. The most common example is the Bender-Anderson-Yagel (BAY) model. 8 While the BAY model is an effective tool for VG flows, implementation of it can cause problems. Hence, the work presented in this paper details the development of a new model to allow rapid integration into the CFD process. A circulation model is developed from a lifting-line formulation, with added physical modifications made to account for the boundary layer flow and the effect of the vortex on the overall lift of the VG. This circulation approximation model is validated against experimental data. The source term model is then developed and compared to the BAY model and fully-gridded CFD on a flat plate test, and also compared to experimental data.
II. Methods of Modelling Vortex Generators
The physics of a flowfield when a vortex generator (VG) is placed into the flow differs considerably from a clean geometry. The VG produces a vortex which encourages mixing of turbulent flow downstream of the device, often used to avoid unwanted separation. The exact physics of flow control using VGs is complicated, however, there tends to be three fidelities of physics in models used to simulate VG behaviour:
1. High fidelity physics: Full iterative CFD simulation with fine computational meshes; 2. Medium fidelity physics: Iterative simulation but with a term to mimic the effect of the VG; 3. Low fidelity physics: Analytical model without the need for iterative solutions.
II.A. High Fidelity Physics
The highest fidelity simulations for modelling VG behaviour are by conventional CFD approaches. This modelling approach first requires a body-fitted mesh to be placed around the aerodynamic surface of interest. Difficulties tend to arise in the meshing due to the large differences in scale that exist between the parent geometry and the flow control device. Furthermore, to effectively capture and convect downstream the vortex produced by the device, fine resolution grids are often required around the VG and in its wake, resulting in the exponential growth of mesh sizes when compared to a clean wing counterpart.
The solution of the flowfield usually requires at least RANS simulations with a turbulence model to be performed. The effective capture of the viscous effects are imperative to ensure modelling of the shed vortex, and therefore its effect downstream. Examples of typical simulations for flow around VGs using conventional CFD methods include. 9, 10, 11, 12, 13, 14 To fully capture all the flow physics associated with the VG, very high-fidelity, real-time, simulations via large eddy simulation (LES) or direct numerical simulation (DNS) methods are required, though these tend to be prohibitively expensive for use in the design phase. As such, historically it has been difficult to perform such simulations for large Reynolds numbers, however, with the continual increase in computational resources available these are becoming more common. 15, 16, 17 The Lattice-Boltzmann method 18 has also been used to produce time-dependent flow simulations around VGs.
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II.B. Medium Fidelity Physics
Often great effort must be expended in terms of mesh generation and computational resources for high-fidelity CFD methods to be able to capture, sufficiently, the convection of the physical quantities associated with flow around VGs. One possible way to overcome the issues associated with meshing comes from recognising that the mesh issues originate from requiring an extrusion on the surface that is orders of magnitude smaller than the global object. Therefore, if the requirement for meshing around this small object is removed, then this makes the meshing process simpler, and this idea is the basis behind modelling the effect of the VG instead of the actual VG itself.
This, medium fidelity, approach uses source terms to create a disturbance where the VG would otherwise exist. The three common approaches are by adding either a vortex source 20, 21 term, or a lifting-force 8, 22, 23 term or a statistical 24 term, which are added at cells in the computational domain close to where the VG would be. The solution then proceeds by a traditional CFD numerical approach. By eliminating the physical VG, the meshing requirements are somewhat relaxed, usually leading to smaller meshes. A notable method for modelling VGs using a medium fidelity physics model is that of Kerho and Kramer 25 who modified the aerofoil simulation and design tool XFOIL, 26, 27 to mimic the effect that VGs have of producing turbulence within the boundary layer to mitigate against separation. Their modification involved adding turbulence at the site of a VG by modifying the stress transport equation. While this method does not strictly allow for the full three-dimensional effects of the shed vortex, it still acts as a useful trade-off design tool for VG design.
II.C. Low Fidelity Physics
The requirement to capture and convect the necessary physics downstream necessitates, still, the need for fine enough meshes, even when using medium fidelity simulation approaches. To eliminate this requirement, an option is to use a simpler, often analytical modelling approach. These types of models are the lowest fidelity simulation approach that can feasibly be done to obtain the effects of VGs on the flowfield.
The simplest method is a pure lifting-line approach, where the VG is modelled as a wing in uniform oncoming flow, and lifting line theory is used to capture the strength of the shed vortex. Lamb vortices are then commonly used to model the effects of the vortex on the flowfield. A second method is due to Wendt 28 which is an empirical model. A least squares fit of a large set of experimental results is used to obtain a lifting-line type equation for the vortex strength, but with modifications made from observations of the empirical fit to account for the boundary layer. The vortex is then modelled using the Lamb vortex model to obtain the effect of the vortex on the flowfield. The Wendt model has also been implemented in the NASA Wind-US solver 29 as a vortex-source term (medium fidelity approach), with reasonable agreement being shown between the CFD with source term and experimental data.
II.D. Problem Considered
The source term approach is a commonly used method for VG flows, and provides a good balance between higher-fidelity physics, yet smaller meshes and therefore cheaper solutions. These models tend to be based around approximating the VG as a simple wing, similar to the models of Prandtl and Wendt, which do provide a good trade-off between accuracy and speed for determining the effect of a VG, however, as will be shown later, both these models lack extra physics associated with flows around VGs that can be added using extra analytical terms.
This has driven the development of a new source term model, which has a simple-to-compute source term, however yields results with more physical meaning. The method is constructed around the conventional source-term framework so still maintains the simplicity of other methods.
III. Modified Lifting-Line for Vortex Strength
A VG can be modelled as a lifting wing, albeit a very small wing with a low aspect ratio. As such, lifting-line theory can be used to approximate the strength of the vortex shed from the tip of the VG (which can be thought of as the tip of the wing represented by the VG). The lifting-line theory is described below followed by the application of the theory to VGs and the modifications made to it to ensure it is more suitable for the nature and scale of VGs.
III.A. Lifting-Line Theory
The development of a model used to simulate the strength of a vortex shed from a VG is driven from Prandtl's lifting-line theory. 30 The VG is modelled as a lifting wing with a single shed vortex. Lifting-line can then approximate the strength of the shed vortex. It should be noted that strictly, lifting-line theory assumes long and slender wings, hence for VGs, which often have a very low aspect ratio, the assumptions in this theory are at the limit of acceptability. As the model only needs to be an approximation of the effect of the vortex, the use of a lifting-line is suitable. 7 The important elements of lifting-line theory as pertaining to the development of the analytical model are outlined below. Full discussions of lifting-line theory and its applications to aircraft design are outlined by, for example, Glauert 31 and Pope.
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The spanwise location along a wing of semi-span s, as shown in figure 1 a is transformed into a trigonometric formulation by letting y = −s cos θ, hence the spanwise location of the wing is now described in terms of θ, so 0 ≤ θ ≤ π. figure 1 ) over the wing is described by an infinite Fourier series using only sine functions:
where u ∞ is the freestream velocity and A n is the n-th Fourier coefficient. At a particular point on the wing θ 1 the downwash on the wing is given by:
Since θ 1 is chosen to be any arbitrary point, equation 3 holds for a general point θ, hence
The downwash velocity creates an induced angle α i at a given wing location which relates the geometric angle of attack α and the real angle α 0 , by:
a the circulation distribution shown in figure 1 is a general circulation distribution that can be defined by lifting-line theory, whereas the VG circulation distribution is defined later assuming a small induced angle. Furthermore, assuming that the true angle of attack of the wing section is small then the lift is linearly related to the angle using the lift curve slope a 0 by c l = α 0 a 0 . The KuttaJoukowski theorem, which relates lift to circulation, is given by c l = 2Γ/cu ∞ for an aerofoil with chord c. Equations 1 and 4 can then be substituted into equation 5 to obtain:
where µ = a 0 c/8s. Equation 6 allows the calculation of the coefficients given the wing's geometric properties. The lift and induced drag of the wing can be obtained using Kutta-Joukowski theorem assuming the induced angle is small:
The circulation shed at the wing tip can be approximated as being the maximum value of the circulation. For this scenario, circulation distribution is approximated using only the first sine term of the series, hence only A 1 needs to be found. Using the first term will create a symmetric distribution, where the maximum value is at θ = π/2. Using this fact, and n = 1 in equation 6, gives A 1 = µα/(µ + 1). If a 0 = 2π, from equation 1, the maximum circulation is then given by:
III.B. Extended Lifting-Line for VG Geometry
The geometry and scale of a typical VG means that the flow in the boundary layer becomes an important aspect of the total flow. Furthermore the VG has a much lower aspect ratio than a typical aircraft wing. The model developed here for predicting the strength of the shed vortex uses the lifting-line theory described above as a basis, with extra elements added to more fully capture the physics of the problem. The structure of the aerodynamic body being modelled is shown in figure 2 . It is a thin rectangular VG of length l and height h, where the vertical location on the VG is given by z. The VG is mounted on a flat plate and is inclined to the freestream flow at an angle α. The local flow at the VG includes the boundary layer profile. It is important to include the boundary layer as the VG may either be immersed within the boundary layer, or will have a significant fraction of its total height within the boundary layer. For most flows, a turbulent boundary layer is a reasonable assumption, which has a height δ, and has a profile given by a turbulent boundary layer power law (where typically n = 9):
where u e is the local freestream velocity (or the boundary layer edge velocity at the VG). A single VG can be considered as one half of a lifting wing hence there is always a mirror pair of VGs that make up a whole wing. The wing geometry is transformed to the VG geometry such that the wing semi-span is now the height of the VG h, and the spanwise location along the wing is given by the vertical height away from the surface z. Therefore, the wing is of total span 2h, and −h ≤ z ≤ h. For the lifting-line theory, this is transformed so that 0 ≤ θ ≤ π, hence the vertical coordinate is transformed by z = −h cos θ. The velocity profile then becomes:
To calculate the circulation distribution over the whole wing (i.e. the VG and its pair), the lifting-line theory is used as a basis. However, this theory assumes that the wing has a high aspect ratio, which VGs tend not to have. The implication of a low aspect ratio wing is that the vortex which forms along the length of the VG has a significant impact on the overall flow on the VG. The circulation distribution can therefore no longer be approximated by a lifting-line alone. Instead, an additional component of the circulation must be added, and this is due to the vortex. The additional component comes from the leading-edge suction theory of Polhamus, 33, 34 which is a theory to add in the extra lift created by the vortex which rolls along the leading edge of delta wings. Hence, the total circulation shed from the wing is given by:
where the subscripts p and v represent the potential (or lifting-line) and vortex-lift parts of the circulation. The potential component of the circulation comes from the lifting-line theory outlined above. A general, symmetric circulation distribution is given by an infinite sine series (equation 1), which is written in terms of the VG geometry as:
A n sin(nθ) (for generality, the velocity is written as a function of the vertical location, however, this will be simplified later). The Fourier series must be truncated for computational purposes. Once the series is truncated to a finite number of Fourier coefficients, the coefficients are solved for by considering equation 1 at a number of vertical locations along the VG. The number of locations chosen must equal to number of coefficients hence a linear system of equations is formed which can then be solved. The coefficients are therefore calculated based solely on the geometry and angle of the VG. If, for example, the series is truncated to four coefficients, then equation 1 becomes:
A 1 sin θ(µ + sin θ) + A 3 sin 3θ(3µ + sin θ) + A 5 sin 5θ(5µ + sin θ) + A 7 sin 7θ(7µ + sin θ) = µα sin θ (11)
Only odd terms of the Fourier series are used as these form the symmetric circulation distribution required. Figure 3 shows the values for the coefficients when they are truncated to four terms for various values of h/l at α = 10
• . The vertical locations for evaluating equation 11 are linearly distributed along the span. The coefficients are normalised by A 1 . The graphs show that the first term coefficient is much larger than the remaining coefficients (this trend continues when truncating with more terms). Furthermore, as long as the ratio of height to length is less than 1.0, which is common for a VG, then the value of A 3 is less than 5% of the value of A 1 . This is further confirmed by figure 4, which is the circulation distribution using various levels of trunction of uniform oncoming flow. It shows that for typical VG values of h/l (i.e. less that 1.0), that the circulation distributions match very well. It is therefore reasonable to assume that for typical VG geometries, taking only the first term is sufficient.
Taking only the first term of the series results in a sine circulation distribution over the wing, hence:
The coefficient is obtained from setting n = 1 in equation 6, so:
where µ = al/8h. The velocity is written as a function of the vertical location, however, lifting line theory does not allow this. To obtain a constant oncoming velocity, the velocity distribution over the VG is averaged. Equation 12 then becomes: The vortex-lift component comes from Polhamus' leading edge suction theory. 33, 34 This is due to the vortex rolling up along the length of the VG and causing an additional component of lift. The suction theory is derived for a delta wing which has a leading edge angle of Λ, however, we have a rectangular VG so the angle of the edge that the vortex rolls along (the tip of the VG in this case) is zero.
The lift coefficient for the suction theory is given as:
where K v is a constant, which for aspect ratios less than four is very close to π. Given a lift coefficient, the circulation value may be calculated using Γ = 1 2ū cC L (which is obtained by equating the Kutta-Joukowski theorem with the lift equation). The circulation due to the vortex lift is therefore given by:
The total circulation distribution is then found by substituting equations 16 and 14 into equation 10.
III.C. Validation
To validate the circulation model, a set of experimental data from Wendt 28 was used. This data contains 59 different tests of rectangular vortex generators with varying lengths, heights and angles. The experiments were all undertaken at incompressible velocities, with Reynolds numbers of the order of 1.0 × 10 6 . The downstream flowfield was probed to obtain velocity data, and from this, circulation data was reconstructed. For this data, the aspect ratio is defined as being AR = 8h/πc, so this definition is used in this section.
The analytical model is compared to two other models. The first is the basic lifting-line model as given in equation 8. The second is a model described by Wendt, and is given as:
The model is a slight recasting of the Prandtl model, where the hyperbolic tangent function is used to represent the influence of the boundary layer. The constants in the model are obtained by performing a least squares regression to the experimental circulation results obtained by Wendt. These constants are:
The three models being compared are therefore a simple model containing a limited amount of physics (Prandtl model), a more complicated model that augments the Prandtl model with an empirical fit (Wendt model) and a more complicated, but still analytical, model with more physics to represent the problem being approximated (developed in this paper). Table 1 shows the full matrix of experimental tests performed and the results of the model predictions.
A statistical summary of the results from table 1 are shown in table 2 and also graphically as a box-plot in figure 5 to show the ranges of the data. Table 2 shows that the average error between the models and the experimental data is, overall, the lowest with the newly developed model. Furthermore, the overall range, the inter-quartile range and the median solution are all lowest with the newly developed model. This indicates that most of the data points of the newly developed model are very close to the experimental data compared to the other two models. Figure 6 gives plots of the effect of varying α, AR and h/δ on the circulation values from the experimental data and the three models. The remaining parameters are kept fixed. It can be seen that, as before, the new model produces values that fit the experimental data better than the basic Prandtl model, and also better than the empirical model that was fit to this data by Wendt. This emphasises the importance of the extra physics in the analytical model, but also demonstrates that an analytical model is sufficient to predict the strength of a shed vortex from VGs. 
IV. Source Term Modelling
The extended lifting-line approach, which uses traditional lifting-line methods with vortex lift modifications, for modelling the strength of shed vortices has been shown to be particularly effective at modelling the strength of the shed vortices. In this section, the development of the circulation model into a source term CFD approach is presented. The source term method, of which the BAY model 8 is the most common, alleviates the issues around meshing by using source terms in cells where the VG that the source term is representing would otherwise be. The new model is implemented in a conceptually similar way to the BAY model.
IV.A. BAY Model
The BAY model simulates the lift force acting on the flow due to the VG. Hence vorticity is induced that depends on the VG geometry and local flow variables. The lifting source term, S i , acts on grid point i. The term is added to the right hand side of the equations, so in a finite volume flow solver, the momentum equation becomes:
where C V G is a tunable constant, A V G is the vortex generator area, V i is the volume of the cell, V i is the total volume of the cells that the source term is applied to andl is the unit vector on which the side force acts.
The VG is described by three unit vectors, as shown in figure 7 , whereb is along the VG span,t is along the VG length andn is normal to the VG surface. These three vectors form an orthonormal system. Using small angle approximations, and introducing the term (û ·t) which is used to simulate loss of lift at higher VG angles, the lift force can be written in terms of the three defining vectors:
bn t
Figure 7: VG definition for BAY model
The empirical constant in equation 17 is often set based on user experience. Bender et al. 8 showed, however, that for values of C V G > 5, that the change in the resulting lift force became negligible because the flow is forced to align itself with the VG such that the local angle of attack approaches zero. Careful consideration of the constant is also needed for flow solver convergence. In general, a constant of 10 is a good choice.
35
IV.B. New Model
The new vortex generator model is implemented in a conceptually similar manner to the BAY model, where a forcing term is added to the right hand side of the equations in certain cells, and this is a function of some ratio of the size of the cells to the total size of the cells used. However, the formulation that results from manipulating the circulation model developed in this paper leads to a model without the need to empirically consider a constant that results in different solutions depending on its value.
The new model also requires a resultant force to be added. This force is due to the lift from the VG and its drag also. The lift of the VG, like the circulation, is due to the potential component L p and the vortex lift component L v :
where |u| is the span-averaged absolute velocity vector which is a general form used in the simple circulation model. The general form is used to account for the simulation having non-zero values for spanwise and vertical velocities. The potential lift coefficient comes from the potential circulation value (which is the integrated form of equation 14) and the vortex lift coefficient comes from Polhamus, 33 leading to an expression for the total lift of the VG as:
The drag of the VG is also due to the potential component D p and the vortex lift component D v :
The potential drag is given by the induced drag only, and is defined sectionally:
C dp = C di = C lp tan (α i ) = C lp tan tan −1 w u = C lp w u where w is the induced velocity and is given by equation 4. As noted previously, the first term in the series is sufficient to model the circulation of the VG. A 1 is given by equation 13, hence:
which is integrated over the VG span to evaluate C Dp . The vortex component of the drag is due to Polhamus:
Hence the overall lift and drag forces on the VG are available. The resultant vector is the total force vector acting on the flow due to the VG, and assuming L acts in a purely spanwise direction and D acts in a purely streamwise direction (as shown in figure 8 ), is given by: 
V. Computational Results
Results of the new source term model for predicting VG flows is examined here. As an initial study, a flat-plate test case is considered that has experimental data associated with it. The new model is compared to fully-gridded CFD and the conventional BAY model.
V.A. Run Details
The test case considered is from the work of Yao et al. 36 The set-up consists of an isolated VG mounted on a flat plate in subsonic turbulent flow (u ∞ = 34m/s). A low profile (or sub-boundary layer) VG that has h/δ = 0.2 is tested at an angle of α = 16
• . The VG has geometry of h = 7mm and l = 49mm and is shown in figure 9 .
u(z) Figure 9 : Schematic of vortex generator geometry for test
In the experiment, digital particle image velocimetry (PIV) measurements were taken to obtain flowfield slices at points downstream of the VG. These were then used to reconstruct circulation values at those slices downstream.
V.B. Simulation Framework
The capture of the important physics in flows around VGs involves using high quality, high density numerical meshes, with a suitable viscous solver. Both are required to capture the strength of the vortex, its convection downstream and its dissipation due to viscous effects. As such, a simulation framework has been developed that uses OpenFOAM b with high quality numerical meshes.
V.B.1. OpenFOAM
The solver package used in the current work is the open source CFD software OpenFOAM. The flow solver, with RANS turbulence modelling, is a unstructured solver based upon the SIMPLE algorithm (Semi-Implicit Method for Pressure-Linked Equations), which is an iterative procedure to solve the Navier-Stokes equations for steady-state problems. This iterative procedure, as originally implemented in OpenFOAM, relies on basic residual checking for steady state convergence criteria. After modification, steady state convergence is assessed using the standard deviation of the force coefficients. The turbulence model used was the standard Spalart-Allmaras (SA) model as defined by NASA Langley's Turbulence Modelling Resource c , and has the minimum limiter of 0.3 × Ω forŜ.
V.B.2. Meshes
The domain is specified to simulate an isolated vortex generator. The VG is mounted on a flat plate that is 4m long and 3m wide. The inlet boundary condition is 20m upstream of the leading edge of the flat plate and the outlet boundary is 16m downstream of the trailing edge of the flat plate. The height of the overall field is 20m. The geometry is shown in figure 10 . A structured grid is constructed that has 97 grid points upstream and 97 grid points downstream of the flat plate, which has 385 points along its length. The domain has 129 points along the width and 129 vertically, resulting in approximately 9.6 million grid points. This is then converted to the unstructured format required by OpenFOAM and a farfield mesh reduction strategy is used to reduce the mesh down to 6.4 million points. For the full CFD, the VG is modelled using a plane of faces using solid surface boundary conditions. The BAY model and new source term model are applied using cell tagging where the VG would effectively be. This means that the same meshes can be used for all of the three cases ensuring continuity in the results.
V.C. Results
The circulation decay downstream of the VG is shown in figure 11 for the three models compared to the experimental data. It is clear that all three of the modelling approaches have generally matched the trend of the circulation decay well. Close to the VG, it is perhaps apparent that the new model has matched both the fully gridded CFD and the experimental data slightly better than the BAY model, which appears to under predict circulation. Further downstream, the difference becomes negligible. 
VI. Conclusions
A new, physics-based model for simulating the effect of a vortex generator has been presented in this paper. An extended and modified lifting-line approach has been taken to model the strength of the shed vortex. Leading edge suction theory was used to mimic the effect of the vortex on the lift and the boundary layer has also been accounted for. The circulation model validates exceptionally well with a large suite of experimental data, showing a mean error of 5%, which is approximately the error in the experimental validation data, indicating excellent correlation.
This circulation model has then been used as a source term approach within a CFD framework to analyse the effect of the vortex on a flowfield. A flat plate test case was considered and the new model correlates well with experimental data and fully-gridded CFD. It also compares favourably with the commonly used BAY source term model, perhaps increasing the vortex capture in the immediate downstream flow behind the VG.
